The vital role of oral microbiome in the well-being of humans is only beginning to be unraveled. Employing a rigorous analysis of PCR-restriction fragment length polymorphisms (PCR-RFLP) and DNA fingerprints from denatured gradient gel electrophoresis (PCR-DGGE) of the 16S rDNA gene in metagenomic samples, this study evaluated the stability of the oral microbiome and contrasted the PCR-DGGE profiles of subjects belonging to three groups -healthy, smokers and oral diseases; in search of distinctive patterns predictive of each group. The DNA band size, intensity and profile generated by three restriction enzymes from a 1500 bp amplicon showed a fairly stable microbial community structure (P < 0.05) in PCR-RFLP samples collected from each individual over a 3-month period. Microbial diversity indices and cluster analysis of amplicons from the V4 region of the 16S gene from the three study groups were consistent with a stable core of bacterial DNA fingerprint within and between subjects despite the enormous beta variations. Statistical analysis including multi-dimensional scaling of the DGGE fingerprints in smokers and oral disease subjects aligned both banding patterns (P-value 0.08, Student's t-test), suggesting some similarity between the microbial consortia of smokers and subjects with dental caries and gingivitis. There was a significant difference between bacterial genomic profiles in healthy mouth and smokers/ disease (P = 0.002; paired-sample Student's t-test). Operational taxonomic unit diversity and species richness determined by the GelCompare II software were higher in smokers ( H ′ = 0.99 ± 0.12; S = 2.87 ± 0.75) and oral disease mouths ( H ′ = 1.06 ± 0.085; S = 2.86 ± 0.31), than in healthy subjects ( H ′ = How to cite this paper: Chakraborty, S. 
Introduction
Over the past decade, significant progress has been achieved in cataloguing and identifying the prokaryotic symbionts of humans. For example, the sequences and identity of nearly half of the 700 prokaryotic species present in the human mouth are known, while 34% are listed as unknown phylotypes in the highly resourceful human oral database-www.homd.org [1] . The HOMD links sequence data with phenotypic, phylogenetic, clinical, and bibliographic information, allowing scientists to employ multiple technologies including next generation sequencing to create algorithms and profiles that could be predictive of health or disease in humans. The consensus that human microbiomes are important gatekeepers of good health has put analysis of microbiomes squarely at the center of healthcare. One thing however, that is sorely needed is the interpretation of the dynamics and succession of these bacteria communities. Using next generation sequencing Al Hebshi et al. found that the oral bacteria associated with oral squamous cell carcinoma were taxonomically more diverse than those found in healthy controls [2] . Similarly, dental caries, periodontitis [3] [4], cardiovascular disease [5] , diabetes [6] and other cancers (pancreatic and gastrointestinal) [7] [8] [9] have been linked to bacteria in the mouth. While it remains unclear in some cases whether the bacteria profiles are directly responsible for the etiologies or whether they are a product of the disease pathologies; research has shown that personal habits like tobacco smoking, drinking alcohol, and diet change could contribute to poor oral health. Subgingival biofilm in smokers is enriched for pathogenic bacteria, resulting in alteration of the microbial signatures of the oral cavity with a decrease in the commensal population and a concomitant increase in pathogens [10] [11] . How these community alterations play out in several diseases of the mouth, especially those involving mixed flora or a cascade of factors triggered by microbial or other signals, is poorly understood. The recent discovery of a novel bacterial co-prevalence pattern in dental carries -a supposedly previously well-characterized disease illustrates the dynamics of this phenomenon [12] . On the other hand, microbiome fingerprints in healthy persons are being examined for potential use in identity based on individuals' unique body microbes [13] .
The need to begin to properly apply all these rapidly accumulating knowledge underscores the importance of research aimed at understanding microbial community changes that accompany the inception of disease. For the oral microbiome, this involves quantitative analysis of microbial signatures in search of potential biomarkers in not only the healthy state, but also that of transition to disease and actual disease states. Such discoveries, if found to be idiotypic could nicely dovetail into the generation of future personalized healthcare strategies.
The oral cavity represents an important niche for studying the genomic and functional variations/profiles of microbiomes that could lead to better understanding and applications of the accumulating microbiome data to early disease diagnosis and preventive medicine because of easy access to samples, personal enclosure (unlike the skin) and its connection to other parts of the host.
This study used relatively simple techniques viz denaturing gradient gel electrophoresis (DGGE) and restriction fragment length polymorphism (PCR-RFLP) of 16S rRNA sequences to measure the stability of the oral microbiome of volunteer subjects and to contrast the genetic diversity/fingerprints of healthy non-smokers, smokers and subjects with oral diseases. These techniques have been shown to detect even single nucleotide changes in a DNA fragment [14] [15] [16] . Metagenomic samples as well as cultured communities were included to compare outcome using inexpensive and accessible protocols for the microbiome assessment.
Materials and Methods

Human Oral Wash Sample Collection
Oral wash samples were obtained from human subjects who self-identified as healthy (n = 5), smokers (n = 5), and subjects with oral diseases (n = 5 -Gingivitis n = 3, Dental caries n = 2) above the age of 18 years. The demographic information, periodontal parameters and smoking status are summarized in Table 1 .
Samples were collected in accordance with Florida Atlantic University's approved IRB and IBC protocol (IRBNET ID #388951-2). All participants were antibiotic free. Healthy non-smokers did not smoke for at least 3 years preceding the study and all subjects adhered to their normal oral hygiene for 2 weeks before enrollment in the study. Furthermore, health and oral hygiene data were 
PCR Amplification for Restriction Fragment Length Polymorphism (PCR-RFLP)
The extracted metagenomes of samples intended for the PCR-RFLP analysis were amplified using the universal primer 1492 Reverse 
PCR Amplification for DGGE Fingerprinting
Microbial DNA Fingerprinting Techniques
Restriction Fragment Length Polymorphism (RFLP)
The 1500 bp PCR-amplified bacterial 16S rDNA segment was digested using 3 restriction enzymes: HaeIII, Alu1 and Sau3A (1U), according to the manufac- 
Denaturing Gradient Gel Electrophoresis (DGGE)
DGGE is a powerful technique that can separate nucleic acid fragments based on their nucleotide sequence, distinguishing between sequences with single nucleotide polymorphisms [19] . The diversity and richness of bacteria from the study groups were determined by separating the 16S rDNA gene amplicons (V3-V4) to create a profile based on their nucleotide sequence in the denatured gradient gels (DGGE). DGGE was performed using DGGE system from CBS scientific company (San Diego, CA, USA) for all DGGE experiments. A 30% -70% linear DNA denaturing gradient (100% denaturant is equivalent to 7 mol/L urea and 40% deionized formamide) was formed in 8% (w/v) polyacrylamide gels. PCR products were loaded directly in each lane, and electrophoresis was performed at a constant 60 V at 58˚C for 16 h in 1X Tris-acetate-EDTA (TAE) buffer at pH 8.5. The image of the DGGE profile was captured, after staining with Ethidium
Bromide for 30 min, using the FOTO/Analyst ® Investigator/FX System using the PC Image Acquistion Software (Fotodyne Incorporated, Hartland, WI). in the same manner as explained above. The different banding patterns, which reflected the variations in nucleotide sequence and hence diversity; were noted and analyzed using the GelCompare software.
Analysis of the 16S rDNA Fingerprint Generated by PCR-RFLP and PCR-DGGE
An image of the RFLP gel was captured by Fotodyne Imager as mentioned above. The banding patterns were examined to identify the commonalities and differences among the different study groups. The GelCompare II (Applied Maths, Kortrijk, Belgium) software was employed in the analysis of the 16S rDNA fingerprint. This software searches for discriminative bands between selected groups of patterns and also searches for unique and common bands within selections. To obtain an objective comparison and normalization of the bands on different slab gels, a molecular weight marker was included in each gel at least two times. Digitized images were normalized and combined [20] In addition, experimental conditions were kept exactly the same through-out the DGGE experiments. A similarity matrix was created using the Dice similarity coefficient
[21] [22] . For the same slab, gels similarity matrix was created using the Pearson correlation coefficient which employs the densitometry curve created by the fingerprints. Similarities were displayed graphically as a dendrogram. Cluster analysis was performed for the fingerprint data based on the binary presence or absence of bands (presence = 1, absence = 0). For band comparison, a band position tolerance value of 0.8% was allowed to compensate for misalignment of homologous bands due to technical imperfections. The unweighted pair group method using average linkages (UPGMA) [20] was used to cluster the patterns.
Diversity indices were also calculated for PCR-DGGE analysis: richness (S) was determined from the number of bands in each lane, and the Shannon-Wiener index ( H ′ ) was calculated from H ′ = −ΣP i lnP i [23] , where P i is the importance probability of the bands in a lane, calculated from n i /N, where n i is the peak height of a band and N is the sum of all peak heights in the densitometric curve. Evenness (E) was calculated as E = H ′ / max H ′ , where max H ′ = ln S [24] .
Significant differences in the number of detected PCR amplicons in the DGGE gels were determined using analysis of variance (anova) and the paired-samples Student's t-test. Further statistical analyses were performed using Microsoft Excel 2010. All P-values < 0.05 were two-tailed and considered significant.
Results
The 16S rDNA gene segment from oral bacteria community for each subject generated a profile of DNA gel bands after restriction (PCR-RFLP). These banding patterns represented their individual oral microbiome structure or identity, band profile of composite dataset including healthy non-smokers, smokers and disease subjects using PCR-RFLP and DGGE were compared and contrasted. The discriminatory as well as uniform/core bands were detected using the GelCompare II version 6.6 software.
Restriction Fragment Length Polymorphisms of Ribotypes Generated by HaeIII Restriction
PCR-RFLP ribopattern analysis of the complete data-set for the three different groups using HaeIII showed the existence of well-resolved stable bands of 700 bp, 500 bp and 350 bp across all samples in both cultured and metagenomic subsets (Figure 1(a) , Figure 1(b) ). A distinctive 300 bp fragment in the pool that was conspicuous in smokers was also present in subjects with oral disease.
Cluster analysis generated UPGMA dendrograms (Figure 2 ) for the respective Figure 3 shows the restriction fragment length polymorphisms generated by Sau3 A1 from the 16S rDNA gene product of oral bacteria community of healthy, smoker and oral disease subjects.
Restriction Fragment Length Polymorphisms of Ribotypes Generated by Sau3AI Restriction
Although there were very little differences between the three study groups, with all showing 4 stable visible bands at 1000 bp/380bp/180bp/150bp; cluster analysis of the cultured community branched into two distinct groups I and II in Figure 4 (b). Cluster II is predominantly disease group. Interestingly, Healthy #3
and Smoker #4 were all grouped in cluster II similar to results obtained from HaeIII restriction digest. Periodontal disease group were tightly clustered in the metagenomic subset. However, the smokers and healthy non-smokers were scattered generating no extrapolative cluster in Figure 4 (a).
Restriction Fragment Length Polymorphisms of Ribotypes Generated by AluI Restriction
In both cultured plate wash and metagenomic extracts,bands of 1200 bp/900 bp/ 580 bp were present. Remarkably, the 450 bp length fragment which was distict in healthy and some smokers in the cultured plate wash category disappeared in 80% disease subjects ( Figure 5(a) ). The tight clustering of the healthy group in resultant dendrogram is noteworthy ( Figure 5(b) ). The smokers and disease samples were closely aligned sharing similarity as high as 95%.
PCR-DGGE Fingerprints of Ribotypes from Oral Bacteria of Healthy Subjects, Smokers and Disease Subjects
Gel Slab 1 contained 16S rDNA (V4) PCR products of Healthy non-smokers and Smokers while Gel Slab 2 contained amplicons from Smokers and Disease subjects. The culture independent method generated a more complex fingerprint compared to the culture dependent profile (figure not shown). UPGMA cluster analysis of Gel slab 1 (Healthy/Smokers) of the metagenomic subset did not demonstrate discernable clustering and was highly diverse (Figure 6(a) ). In gel slab 2 (Smokers/Disease), a higher similarity was observed between groups with as high as 90% complementarity (Figure 6(b) ).
On the other hand, the profile of the cultured set showed three sets of inimita- between smokers and disease ( Figure 7(c) ).
It is noteworthy that the DGGE gel fingerprint generated clusters that showed similarity as high as 75% of Healthy #3 with smokers and Smoker #4 with disease (r = 0.85). This DGGE data is in accord with that of PCR-RFLP analysis reported above.
The similarity matrix of the DGGE patterns was also analyzed using multi-dimensional scaling (MDS) as shown in Figure 8 .
It was not surprising that the mean numbers of detected amplicons were lower (13.2 ± 3.8) in the cultivated community that in the metagenomic group (20.4 ± 2.7). The banding patterns were significantly different between the groups as determined by the analysis of variance study in both communities (p = 0.009, ANOVA). Significant differences were also found in the number of bands between Healthy non-smokers and disease groups (P = 0.002; paired-sample Student's t-test). However, the difference between smokers and disease groups were not significant (p = 0.47; paired-sample Student's t-test); a result that is consistent with the outcome of MDS analysis above.
Comparative Analysis of Oral Bacteria Community Structure and Diversity in Cultured and Metagenomic Samples from Healthy, Smokers and Oral Disease Subjects
The Shannon Weiner diversity index calculated with GelCompareII software showed highest diversity in periodontal disease groups with a mean value of Figure 8 . Coordinate space window, resulting from multi-dimensional scaling (MDS) analysis of the similarity matrices derived from DGGE pattern analysis of (a) Cultured oral bacteria community and (b) Metagenomic oral bacteria community. The entries are shown as dots in a cubic coordinate system. Green: Healthy, Red: Smokers and Blue: Disease. The MDS statistic tool showed widespread distribution between smokers (red dots) and healthy (green dots). However, disease (blue dots) and smokers (red dots) were closely associated and signified relatedness between the group. H ′ = 1.06 ± 0.085 (p = 0.014). Community diversity and species richness was considerably low in healthy non-smokers Table 2 .
Overall, diversity in healthy subjects was significantly high (p < 0.05) in metagenomic subset compared to that of cultivated ( Figure 9 ).
Discussion
The Human oral microbiome database is replete of many important research that show not only the diversity of the human mouth but actual taxonomic ranks of these oral-bionts employing next generation sequencing and shot-gun sequencing technologies. The overarching quest is to understand the ecology and potential roles of the respective oral bacteria in health and or disease and to be able to use such knowledge in advancing dental and oral health. In this study, we tested our hypothesis that the community structure of healthy subjects will be different from that of disease patients, while the smokers bacteria will represent the DGGE protocol is known to distinguish between fragments with single nucleotide polymorphism (25) .
The complex banding patterns generated by PCR-DGGE (13.2 ± 3.8 in cultivated and 20.4 ± 2.7 in metagenomic community subsets) represented the biological diversity of periodontal bacteria in the three states of oral health studied.
There was no significant difference between smokers and disease, suggesting similar bacterial community composition and diversity (p = 0.08, Student's t-test). The diversity index ( Table 2) Cluster analysis, MDS and diversity indices clearly showed the smokers' community in congruence with the disease group. Divergence among various studies could be explained by differences in patient populations, microbial sampling techniques, number of samples studied, detection methods of putative pathogens, species examined and also differences in evaluation and expression of data (counts versus proportions versus site or subject prevalence) [27] .
It is remarkable that bacterial diversity in healthy subjects was significantly high (p < 0.05) in metagenomic subset compared to that of cultivated subsets for all the samples ( Figure 9 ). By contrast the diversity profile for smokers and disease subjects were similar for metagenomics and cultured communities. This strongly suggests that in the healthy oral state, there is a large variety of yet-to-be-cultured bacteria unlike the bacterial consortium of individuals with changing (declining) oral health. In fact, studies have shown that some bacteria associated with health are poorly known, and include members of TM7 phylum, a bacterial group which does not have a single member cultured in the laboratory but which appears to be widely present in the oral cavity [12] . These data underscore the need to develop culture techniques that improve recovery of bacteria of a healthy human mouth while indicating that disturbed or oral disease mouths are replete of cultivable members.
The PCR-RFLP technique spanned the nine hypervariable regions (V1-V9) of the 16S gene to improve it resolution of the bacterial consortia. It generated a set of stable and consistent profile in the three study groups as did the PCR-DGGE confirming the observed trends. Previous reports have found the existence of a so-called core bacteria in the mouth of smokers and non-smokers despite enormous variations between subjects. The prevalent genera of this core bacteria included Streptococcus, phylum Candidatus, Prevotella and Xanthomonas spp [28] [29] .
Distinctive bands were consistent for healthy and disturbed oral niche ( Figure   7 (a)) and may serve as bacterial predictors of oral health conditions. Sequencing these bands in future studies will shed further light on their roles.
The rigorous microbial diversity and cluster analysis of the three study groups, clearly shows that the bacteria consortium of smokers is the intersecting group between health and periodontal disease ( Table 2 ; Figure 6 and Figure 7 ).
Conclusion
The experiment was successful in determining not only that the oral microbes can be indicative of health, but also indicative of the level of health of the host.
This study has added a layer to the developing understanding of the role of microbes in health by proving that microbial communities can be indicative of the health status of its host.
